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Abstract

We empirically studythe effect of mobility andinteractionbetweervariousinput parametes on the
perfamanceof protacols desigred for wirelessad-hocnetworks. An impartantobjective is to studythe
interactionof the routingandMAC layer proto®ls underdifferent mohility paraneters. We usethree
basicmohlity models:grid mobility mocel, randbmwaypoirt model,andexponentialcorrelatedandan
model. Theperfamanceof protocds is measuredh termsof variousqudity of servicemeasureclud
ing (i) lateng, (ii) nurber of pacletsreceved and(iii) long term fairness.Three differentcommnonly
studiedrouting protacolsareused: AODV, DSRandLAR schemel. Similarly threewell knovn MAC
proto®ls areused:MACA, 802.11 andCSMA.

Our maincontibution is simulationbasedexpaimentscoupledwith rigorousstatisticalanalysisto
charactere the interaction betweenthe above statedparamégers. Suchmethod allow us to analyze
complicatedaxperimentswith largeinput spacen a systematiananner Fromour results,we conclule
thefollowing:

¢ NosingleMAC or routing protacol domimatedthe otherprotacolsin theirclass.Moreinterestingly
noMAC/routirg protocd combinationwasbetterthanothercombirationsoverall moklity mocels
andrespoisevariables.

¢ In geneal, it is notmeanimgful to speakabouta MAC or arouting protacol in isolation. Presence
of interactionleadsto tradeoffs betweenthe amoun of control pacletsgeneatedby eachlayer.
Theresultsraisethe possibility of improving the perfamanceof a particularMAC layer protocol
by usinga cleverly designedouting pratocol or vice-versa.

1 Intr oduction

Designof mobile ad-ha networks (MANET) is currerily an extremely active areaof reseach. MANETS
lack afixedinfragructure in the form of wireline, or basestationsto suppat the communi@tion. Intereg in
ad-hoc networks for mobile communi@tions hasalsoresutedin a specal interest groupfor mobile, ad-ha
networking within the InternetEngineering TaskForce(IETF). Suchnetworks imposespezific requremens
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onthedesgn of communi@tion protacols at all levels of the protocolsstack Many MAC layer androuting
layer protocols have beenproposedand designed for ad-hoc networks. Theseprotocols needto fulfill a
multitude of desigh andfunctional requrementsjncluding, (i) High throughput (ii) Low average latency;
(i) Heteogeneastraffic (e.g. data, voice, andvideo); (iv) Preservdion of paclet order; and (v) Support
for priority traffic. (See [RS96 Ra96 Ba94.) Sincead-toc networks lack fixedinfrastrudure in the form
of bage statians, fulfillin g the above statel functional requrementsbemmesall the moredifficult.

MAC Protocols. A commonlyknown group of MAC protacols is basel on the carrier seng multiple
acces (CSMA) paradgm. The ideabehind this paradigm is to resene transmision chanrel at the orig-
inatar (source) by carrier sengng. Until recenty CSMA basedprotocols suppated only singe chamel
communi@tion, but now, multiple chamel extensons have been propcsed[NZD99]. Many protocolshave
beenpropcsedto avoid the hidden terminal prodems. Two notable examples arethe MACA [Ka9(Q] and
MACAW [BD+94] protocols. MACA introduceda reservatiorsysem achieved with exchangeof an RTS-
CTS(Request To Send/Clar To Send)pair of contol packets. MACAW alsorecogrizesthe importance of
congestion andexchangeof knowledgeabou congestian level amongentitiespartidpating in communica
tion. An advancedbackoff mechansmwasproposedto spreal informationabaut congestion. Furthermae,
the basicRTS-CTS-DATA reservatiorschenahasbeomean RTS-CTS-DS-DATA-ACK schemawith sig-
nificanty improved performance In theseprotocols messag originators reseve recegion areaat the sink
by excharge of RTS-CTScontrol message. This is in contrastto CSMA wherereservationwas doneat
originatos. This powerful methodhasa drawvbackof introducing smallcontrol pacletsinto the network that
later collide with otherdata,control, or routing padkets. IEEE 802.11MAC stardard [OP] was desighed
with aresevation systen similarto MACA or MACAW in mind. 802.11hasalsoimprovedfairnesscharae
terigtics, however, in [LNB98] authorspointout deficierciesin thefairnessof this protocol,aswell. Detailed
discussionof theseprotowls is omittedherebut canbefound in [Ra96 BD+94, 802.11].

Routing Protocols. Therole of routing protocols for mobile/ad-loc networks is to find the shotestpath
from the source to the sink of a datatransmision. The mostcommonmetric for assemg the qualty of
theseprotocolsis the numberof hops datapaclets take to reachthe destnation though, othe metricsbasel
on traffic, contention, available power at tranceversetc. have alsobeenproposed. Routing protocolsfall
in oneof the two categories: proactive andreadive. Reactve routing protocols arealsoreferred to ason-
demand Proactve protocolsattemptto maintainroutesto all destnationsatall times,regardessof whethe
they are needel. An exampleof pro-active protocol is DSDV [PB94]. In DSDV eachnodemaintans a
routing tabletha lists all available deginationsandroutesto them. Eachnode periodicaly brodaststhe
routing table to its neighborswhich incorporat thatinformationinto their own tables. AODV [PR99]is an
on-demandextersion of DSDV. This protocol is trying to minimize the numberof routing table updatesby
spavning broadcastmechansmon needto-know basis Whenanodeneeddo find a desthationit brodasts
a route reques paclket. This paclet is floodedthroughou the network and eachforwardng node stores
the node addessfrom which it camein their routing table The route request paclet eithe reaclesthe
destnation nodeor a forwarding node with an unexpired route to the destnation This nodeserds badk
a route reply paclet which follows the reversed route to the souce. This paclet is also usedto updae
routing tables of forwardng nodes. The souice nodeis now readyto serd daia padets that follow the
route to the destnation provided by eachforwarding node. DSR [JM96] implements a similar stratgy to
AODV. In this protocol, however, the full routeto the destnation is enamdedinto the route request/rely
paclet, andlater stored at souice and copiead into datapaclets. Datapaclketsthuscontan a complee route
to the destnationin their heades, anddo not rely on forwardng nodesto provide this information. The



disadrantayeis highe requirementon memoryatsoure nodesandbigge sizeof routerequest/rely paclets
asthey ena@psulde the complde route TORA [PC97 is an exampk of a distributed on-demandrouting
algarithm. This protocol hasan advantage of locdizing algarithmic reacton whenerer possble. Route
optimdity in this protocolis consteredof secaodaryimportance.A comprédiensive surwey of variousrouting
protocolscanbefoundin [RS96]. Performaigce compaisonof various routing protocolsfor ad-ha networks
canbefoundin [BM+98].

Recenly, mary reseachersadwocateduseof the Global Positining System(GPS)in efficient routing.
Basedon GPScoardinatesin LAR schemel andscheme [KV98] theauthorscomput azonewithin which
thededination nodeis believedto belocated. This appioachdecreaesrouting overheadandcommurcation
compleity. Theforwardng schemeof LAR is similar to DSR,however, theintermediatenodesareallowed
to forward routereques paclets only to neighborsin thezone.

In this pape, we consder threewell known routing protomls: (i) Dynamic SourceRouting Protocos
(DSR)[IJM96], (ii) Ad-hocOn-demad DistanceVectorRouting (AODV) [PR99]and(iii) Location-Aided
Routing (LAR) Schemel [KV98]. Similarly we consider threewell knovn MAC layer protocols: (i)
CSMAI/CA, (ii) MACA and(iii) 80211.

Many mobility modek for ad-ha networks simulations have beenpropcsed. Theseinclude the ran-
domwaypoirt model [JM96], random mobility model[ZD97], and exponential correlated randam model
(ECRMY [RS99. Thefirst two specfy movementfor individua nodes, whereaghe ECRmodelis agroup
mobility model. It spedfies movementof a group of nodes in a corrdatedway. This model providesa
morerealistic modelfor node movement.A moresophsticaedmodelis the Refeena Point Group Mobility
(RPGM)model [HG+99]. See[HG+99, BCSW98,RS96,RS98]for a comprelensve discussionof other
mobility models

2 Our Contributions

We conductacomprelensie simulation basedexpelimentalandysis to characteize theinteractionbetwee
MAC, routing protocols nodes’ speedandinjection rates in mobile ad-hoc networks. Ourwork is motivated
by the earier work by Balakishnan et.al. [Ba98 KKBO0O], Ephremids [Ep02, Gerlaetal. [GK+00] who
studed the inteadion betwee trangort layer and the MAC layer and the recen resuts by Royer et.al.
[DP+, DPR, RLPOQ] that note the interpay betweenRouting and MAC protocols. In [DPR], the authors
condude by saying—“This obsewation alsoemphasiesthe criti cal needfor studying interactiorns betwea
protocol layers whendesgning wirelessnetwoik protocols”.

This pape aimsto undertale precisely such a study We employ threedifferent mobility models (i) grid
mobility modelthatsimulates movementof nodesin atown with grid architecture, (i) therandomwaypoirt
mobility modelthatappioximates mobility in squareareabut the dirediondity anddurdion is randan, and
(i) the exponentil corrdated randan mobility model [RS98] that approximates movementof groups of
nodes in a squae area. The modelsareall quditatively different. At oneextremeis the randan waypoirt
movementmodelwith no predidablemovementwhile onthe otherextremeis the ECRmodelwherepoints
form clugersandtheseclusersmove in fairly determinstic fashon. The grid mobility modelis somavhere
in the middle.

Apart from mobility patierns,we studythe effect of MAC, routing protoml, nodes’ speedandinjection
ratesof paclets on the systen perforomance More detals on theinput variablesarelistedin Table6.

5We useECRM andECRModd interchangably:



Our evaluation criteria conssts of following bastc metrics (i) Lateng: Averageendto end delay
for eachpaclet asmeasuedin secoms, andincludesall possible delays causel by buffering during route
discovery, latency, queuing andbacloffs, (ii) Total numberof padketsreceived: (andin somecasespaclet
delivery fraction) (i) Long term fairnes$ of the protacols, i.e. the proportional allocation of resouces
givento ead active conrection Eachof the input paranetersand the performancemeasurs consdered
herehave beenusedin one of the earlier experimental studes [DP+, BM+98, KV98, RLPOO, RS98]. We
briefly commenton the parameg¢rs chognin [DP+, RLP0OO] sincethe two studies are closest to the one
in this paper The authors considertwo paranetersthat are not varied in this simulaion: (i) Pausetime
in movementmodelsand(ii) total numberof comectians. In our casethe pausetime is always 0 andthe
numberof comectianstypicdly keptat 2. Insteadwe vary (i) theinjection rate,(ii) movementmodelsand
(iif) speedof nodes. Basedon the discussionin [DP+], a pawsetime of zeroandour injection rateswhich
startat.05 secom andup imply thatour scenaios mightbe consicered“stressfuf. Mostof ourresutsagree
with their geneal findingsin this regime.

Eachcombnation of the input variable correspornis to a scenaio. We usefour input varigbles, eat
with threedifferent levels, which resuls in total numberof 3* = 81 scerarios. We ran eachscenaio 10
timesto getareasmablesampe sizefor statstical andysis. This resuted in 810 runs. We constucted3
basicexperiments: eachcorrespomling to one of the mobility modek. For ead of thesemobility models,
we have 81 scerarios and 810 runs In our expetiments, we make two important obsewatiors: (i) All
paraméeers consdered hereare important and cannd be ignored Specificaly, the resuts showv that two
andthreeway interadions are quite common also, the interacting varialdes differ for different respamse
variales (performane measue). Thusomitting ary of these parametrsis not likely to yield meanirgful
condusions. (ii) Thevariation in paranetersrepresens realisic possbiliti es. Otherclosely relatedstudies
have alsocorsideral similar paraneters.See[RLP00,DPR, DP+ BM+98].

Giventhelarge numberof variablesinvolvedi.e. MAC, router, injection rate,nodes’ speedmobility and
severd levelsof ead variables,it is hardto derive ary meanimgful conclusionsby merelystudying plotsand
tables. In orderto effectively dealwith the combimtorid explosion,andto drav conclsiors with certan
level of predsion andconfidence,we resat to well known technquesin statigics that cansimultaneowsly
andeffectively handke suchdatasets.We setupafactorial expeimentaldesgn andmeasureghe respnseof
3importantrespmsevarialdes (output metrics) We useanalysis of variance(ANOVA) to perfarm statistcal
analysis. A methoalogical contiibution of this pape is the useof statigical methodsio charaterize the
interaction betwee the protocols injection ratesandspee®l Eventhough it is widely believed thatthese
parameersinteractin affecting the perfoomancemeasue, to our knowledge a formal studysuchasthe one
undetaken in this pape hasnot beenpreviously done.The simplestatidical methalsusedherefor analsis
of network/protocol performancemodelng are of indepenent interestand can be usedin severd othe
conexts.

While intuitively it is clea that different levels in the protocol stackshoul affect eachotha in most
casesto the bestof our knowledge a thorough understamling of this interaction is lacking. The only related
referencesn this direction thatwe areawareare[Ba98 KKB00, GK+00,RLP00,DP+,DPR]. In [KKBOO],
theautorscorsideral TCHIP protocol anddevised anelegantsno@ protocol thatconcetually sitsbetwee
the transprt layer and the network layer to overcame this problem. They also point out how shott term
fairnessof the MAC can affect the TCRIP performancewhich in turn canaffect the overall performance

"Later, ary referenceo fairnessmplieslong termfairness.
8Thestatisticaltechniquesisedin this paperarewell known androutine;but to our knowledgehave notbeenpreviously applied
in our setting.



of the communi@tion systen. In [RLP0O0] the authorsconsderad perfamanceof routing andthe effect of
MAC layers on routing protocols Our resuls canbe viewed asfurtheringthe studyinitiatedin [RLPOO] in
thefollowing ways:

1. In [RLPOO], the autha's considera multitude of routing andMAC protocolsasconstderedhere. But
theauthorsdid not considersimultaneoudy the effect of injection rates spatid location of connections
andmobility modelsin charateriang the interaction. As our resuls shov eachof theseparaneters
play asignificant role in charaterizing interaction.

2. Statistcal method to characterze andquariify interactions betweenprotacols have not beenconsid-
eredprior to this paper Moreover, we chamcterie the interaction not only betwea the MAC and
routing protocolsbut alsobetweerotherinput paranetersandshow thatin mary casesaresignificant.

3. In [RLPOQ], the authors leaveopenthe quesion of characterizng the interplay betweerOn Demand
Routirg protocols and MAC protocols. This papertakes thefirst stepin this direction and consders
AODV and DSR (both of which are on demandrouting protocols). Our findings showv that these
protocolsexhibit differentlevels of variationsdueto MAC protacols.

4. Finally, the papemot only aimsto studytheeffects of MAC layeron routing layerbut alsostudies the
effect of routing layer on the MAC layer. Theresuts shawv thatthe interactionis both ways: routing
layers affect MAC layersandMAC layersaffect routing layers.

2.1 Summary of Experiment SpecificResults

We first summarizeesuts specificto ead experiment.

Experiment 1. Grid mobility model. CSMA and MACA did not perfam well. For MACA, this was
accanpaniedwith anextremeincreasein MAC layer contol pacletsgeneated. Interactionbetween MAC
androuting layer protocolsis quite appaent. Contrd packetsat the routing layer in mary casedailed to
deliver therouteto the souce. This wasespeially true at higher spe@swhich is consstentwith the earlier
expelimentalstudies|[DP+, BM+98, KVV98, RLP0OO, RS98]. This causedhe data paclketsto sperd inordinate
amouns of time in the node buffers and their sulsequat removal dueto time outs. Numberof control
pacletsfor 802.11wasalsoextremely high andvaried underdifferentrouting protocols. Yetit is fair to say
thatit perfoomedsubsantialy beter than CSMA and MACA at low speed. As for the routing protocols,
AODV perfaomedbetier thanDSR, or LAR schemel — demongrating an advaniageof distributed routing
(AODV) informationhanding over centrdized (DSR).

Experiment 2: Random waypoint model. This expelimentillustratedthe difference as measurd by re-
sporsevariablesbetwe& modelsin which movementof nodesis correlatedin someway versusmodelsin
which the nodemovementis by andlarge random. The tempora variance of individual node degreesand
conrectvity is quite high. As arestut, the performanceparametes exhibit the worst behaviorunderthis
movementmodelas comparel to othermovementmodels CSMA and MACA performed poorly. Perfor-
manceof 80211 depardedon the routing protocol used,andperfoomedbestwith AODV.

Experiment 3: Exponential correlated random model. ECRM representsa mobility model that kees
relaive distancesof nodeswithin a group rougHy constat. Moreover, the nodal degree and conrectiity

®We arenot awareof othersuchstudiesin theliterature.



A Different Mobility Models

(a) Grid Mobility Model
i. Latency: Significart 3wayinteraction—Routingprotacols, Transcerer (hode)speedsindtheMAC
protccolsinteractsignificantly

ii. Number of packetsreceied: Significant4d-wayinteraction- Routingprotacols, Transcever (nock)
speed)njection rateandthe MAC protomls interactsignificantly

iii. Fairness: 2 kinds of 2-way interactios — Routing pratocol/MAC-protocd and MAC-
protacol/InjectionRatearesignificant.

(b) ECR Mobility Model
i. Latency: Significart 3way interactian— Routingprotacols, Transcerer (node)speedsaindtheMAC
protacolsinteractsignificantly

ii. Number of packetsreceved: All 2-way interactiors exceptRouting pratocol/Injection rate and
RoutingProtacol/Transcerer Speedaresignificant.

iii. Fairness:Only RoutingpratocolsandMA C protcacolsinteract.All otherinteractionsarecomgetely
insignificant.
(c) Random Waypoint Mobility Model
i. Latency: Unlike the first two mobility mockels, thereis no 3-way interactionwhenlateny is used

asthe responsaneasue. Among 2-way interactiors, the only significart onesare MAC proto
cols/injectionrate,Routingpratocols/Tanscerer speedandRoutingprotacols/MAC-praocol.

ii. Number of packetsreceived: All 2-wayinteractiors aresignificantexcept theinteractionbetween
routerandnocks’ speed.

iii. Fairness: The only 2-way interat¢ions that are significantare MAC proto®l/Injection rate and
Routingpratocol/MAC protacols.

B Variable Number of Connections

i. Latency: Significant3-way interactio betweerMAC, routing protacols,andthenunberof comections.
ii. Number of packetsreceved: Significart interactionbetweerMAC androuting protoals.
iii. Fairness:???

Figurel: Brief Summary of Statistical Resultson Intera ctions BetweenVarious Input Variables.

charateridics of nodeswithin a group stayroughly the sameandthis featuie postively influences perfor-
mance.Performane of 80211 with this modelis very good,andperformanceof MACA showssignificant
improvemert over the rardomwaypoirt model. Performarce of CSMA is againvery poor. The correlated
movementof nodeswithin a group facilitated routing and decregedthe numberof control paclets at the
MAC aswell astherouting layer.

2.2 Broad Conclusionsand Implications

1. The performanceof the network varieswidely with varying mobility models,paclet injection rates
andspeed; and canin fad be charaterized asfair to poor depenling on the spedfic situaion. No
singe MAC or routing protocol, aswell as,no singleMAC/rouing protocol combiration dominated
the otherprotocolsin their respective classacros variousmeasuesof performance Neverthekss,in
gereral,it appeasthatthecombindion of AODV and80211is typicaly beterthan othercombination
of routing andMAC protocols Thisis in agreenentwith theresuts of [DP+, RLPOQO].




2. MAC layer protacols interact with routing layer protomls. This coneptwhich is formdizedin Sec-
tion 3 and 5 impliesthatin geneal it is not meanirgful to spe& abouta MAC or a routing protacol
in isolation SeeFigurel for asummaryof resuts on interactions. Suchinteractionsleadto tradeoffs
betwee the amoun of contrd paclets genertedby eachlayer. More interestindy, the resuls raise
the possiblity of improving the performanceof a particular MAC layer protacol by using a cleverly
desgnedrouting protowl or vice-versa.

3. Routing protocolswith distributed knowledge aboutroutesare more suitable for networks with mo-
bility. Thisis seenby compaing the perfarmanceof AODV with DSRor LAR sctemel. In DSRand
LAR schemel, informationabou a compued pathis beingstoredin the routequery control paclet.

4. MAC layerprotocolsshaw varying performancefor variousmobility models.It is notonly speedthat
influencesthe perfarmancebut alsonodedegreeandconrectiity of the dynamicnetwork thataffects
the protocol perfarmance.

3 Characterizing Interaction

An important reseach question we study is whetherthe four factasi.e. routing protocol, nodes’ speel,
MAC protocol andinjection rate interact with eachothe in a signficant way. Of patticular interestis to
charaterize theinterection betwea the MA C andthe routing protocols.

Variable Interaction. Statistially, interaction betweentwo faciorsis saidto exist wheneffect of a facta
ontherespmsevariade canbe modifiedby anotterfactor in asignificantway. Alternatvely, in thepresece
of interaction, themeandifferencesbetwea thelevelsof onefactor arenotcongantacrcsslevelsof theothe
facta. Wellustratethis by a simpleexample.Suppog we wantto know if injection rateandspee of nodes
interactin affecting the numberof pacletsrecaved. The dependentor respnsevarialle is the numbe of
padetsreceived Theindependet variades (facors) areinjection rate and speel of nodes. The goalis to
testif thereis interactionbetweerinjection rateandspeel of nodes.

Our main corcernis not if the numberof paclets recaved differs betweendifferent speedlevels or
whethe the numberof pacletsrecaved differs betwea low andhigh injection rates. Our mainconcernis
to detemineif oneinjection rateperfaomsrelatively better(in termsof numbe of packetsrecaved)thanthe
othe for differentspeedevels. In othe words, is there interaction betwee injection rateandthe speel of
nodes. If the differencebetwea the meannumbe of padetsrecevvedis the samefor all speedevels for
bothinjection rates thereis nointeractionbetwea injection rateandnodes’ speed Figure2(a) conceptially
shavs absewe of interaction betwee the injection rateandspeedf nodes?

However, if the meandifferencein numter of paclets recevedfor differentspeedevelsis significantly
differentfor high injection ratesversus low injection rate,an interaction betwee injection rate and speel
of nodesis saidto exist. Figure2(b) concetually shavs the preseceof interaction betweenthe injection
rate and spe@ of nodes Table1l illu strates the concept via the datacollectedfrom our simulations. The
first threerows of the table showv that the difference betweenthe meanvalue of pacletsrecaved at high
andlow injection rates is very different for the three speedevels. The F-testwhich is explainedlaterfinds
this differenceto be statigically significant and herce we condude that speedand injection rates interact
whennumberof pacletsis usad astherespmsevarialde. In otherwords onecannd explain thevariationin

Thereis no real dataplottedfor Figure2. It is shavn justfor illustrative purpose.



Absence of Interaction Presence of Interaction

\ High Injection >‘\\ High Injection
Low Injection Low Injection

10m/s  20m/s  40m/s 10m/s  20m/s  40m/s
Speed of Nodes Speed of Nodes

Number of Packets Recd.
Number of Packets Recd.

(a) (b)

Figure2: Interaction levelsbetwee Injection RateandSpeeddf Nodes

Speed| Low Inj | HighInj | Diff in High-Low Inj.
MeanNumberof PacketsRecd.
10m/s| 28.17 12.52 15.65
20m/s| 18.51 8.39 10.12
40m/s| 11.12 4,74 6.38
MeanValueof Lateng
10m/s| 0.61 0.81 0.20
20m/s| 1.21 1.28 0.07
40m/s| 2.02 1.91 0.11

Tablel: Thistableshavs the meanvalueof therespamsevariable for high-low injection ratesanddifferent
speel of thenodes. Theinteraction is foundto besignificantin caseof respnsevariable number of packets
recaved but insignificant in caseof latency.

numberof paclets by consdering eachof thes parametesindividually; it is thecombirmationof thevariables
thatis important. The se@nd partof Table1 shavs the meanvalue of latercy. The differencein the mean
value of latercy at high and low injection ratesis insignificant accading to the F'-teg at different speel
levels which implies that thereis no interaction betweenspeea andinjection rates whenlatercy is usedas
therespmsevariale.

Algorit hmic Interaction. In the context of communcation networks, we alsohave anoterkind of inter-
action — algoiithmic interaction. Suchaninteraction exists betwee two protaocols (algorithms)operding at
individual trans@iver nodes of a communcation network. Herewe usethe word interaction to meanthat
the belavior (semanits) of a protocol at a given layerin the protocol stad variessignificantly dependirg
uponthe protacols above or below it in the protocol stack Notethatin contrast, speedandinjection rates
are variables and the value of one remainsunchangal whenwe chang the value of the other. Algorith-
mic interaction canbe more subte. First, the changein a respamsevariable is a resultof the complicated
causl dependerciesbetweenthe two protocols A and B thatmutualy affect eachother. Second someof
the effects of this interaction might be measuablewhile other effects might not be diredly measurhble. For
instance,in caseof routing protocols althoughthe routing pathsneednot have commonnodes, they might
cau® interaction betwea two MAC protocols opeating at distinct transeivers (that are not neighborg as



aresut of long range effects. Theseeffects cantypically be producedthrough intermediatesequenceof
routing paths. To make mattersmorecomplicaed a routing protocol at a given nodeinteractswith arouting
protocol atanoternode. Thuswe have interaction between (i) two routing/MAC protocols running at two
distinct and not necesarily adjaent nodesand (i) a MAC and a routing protocol running at the sameor
distinct nodes.We illustratethis via our simulaion experiments.

Example 1: Intuitively, it is clea thatthe spedfic routes chosn by the routing protacol affectsthe peffor-
manceof the underlying MAC protacols. In this secton, we try to understaml this effect further. First note
that although the routing paths neednot have commonnodes they might be closeenowh so asto caue
MAC protocols at nearby trangewversto interact. Consicer the following settirg illustratedin Figure 3(a).
We have shavn threepathsfrom 1 to 2 and similarly three pathsfrom 3 to 4. The pathsl — 6 — 2 and
3 — 5 — 4 arecompletly non-interfeing. Pathsl — x — 2 and3 — z — 4 sharethe nodez andthusclearly
interfere. Thepaths1 — y — 2 and3 — z — 4 areinterestirg. Thesepaths do not shae nodesbut influence
eachothe in thaty andz camot simultaneowsly transmit unde the radio propagatian model. Figure 3 (b)
shaws a simplegrid. We have two comectians, both running from left to right. Oneconrectionis at the
top of the grid andthe othercomectia is at the bottom of the grid. (A) An exampleof a situation when
the routing protowl found the shotestpath Thus,there wasno interaction betweenthe two pathsshovn
with theactual hops. The MAC layertransnittedall 1,000paclketspercomectian andthe latency was0.017
secands. (B) lllu strates a situationwhenthe routing protocol found arealy badroute. Outof 1000 paclets,
the uppe conrectionreceved only 2 paclets andthe lower conrection received 993 padets. The latercy
was0.17sfor the upperconrection and0.014s for the lower comectian. (C) This shaws situationthatlies
in betweenthe previoustwo situations. Packetsrecaved for the upperandlower connestionswere425and
983respectively. Thelatercy for the upper conrectionwas0.028sandfor the lower comectian 0.0175s.

Example 2: We shaw theinterection between MAC androuting layer. The interaction is measued by the
variaion in the numberof control paclets gereratedby ead layer. In this example we consder two routing
protocols: AODV andDSRandtwo MAC protocols: MACA and80211. Interestingy, quantifying CSMA
interactionis somavhatharde sinceit doesnotgeneateary contrd pacletsperse.We could have useal the
numberof backoffs asa proxy variablk though. For illustrative purpcses,the experimentsweredone on a
static grid. This allows usto shav a spatid distribution of control paclets andthusamue abaut long range
interactiors. The network is shavn in Figure 3(c). Thereis a transnitter at eachgrid point which hasthe
samerange Figure3(c) shavs therangefor oneof the transmittervia a dottedquarer circle. Therearetwo
conrectiors. Thefirst conrection startsat node(1,0) andendsat node (1, 6). Thesecad connestion stars
atnode (5,0) andendsatnoce (5, 6). We consderfour combinationsobtanedby using MACA and802.11
asMAC protocolsandAODV andDSRasrouting protacols. Figure4 showstwo differenttypesof plotsone
for eachcombiration (8 plotsin total). The quatrtities plotted are: (i) distribution of MAC overheal paclets
and (ii) distribution of routing overhead paclets. Fromthe figuresit is clea that the differentcombination
yield different levels of overhead. This pheromenonbemmesmore pronaincedin the presaceof mobility
asshownin Secticn 6. We have also plotted a spatal distribution of these control packets producedat
eachnode. Figure5 shavs examplesof MAC/routing overheadfor threedifferent(MAC, Routing) protocol
combiration Thesquaregrid is represenedin the (X, Y')-plane andthe the height of the barsdendesthe
averggenumberof MAC/Routingcortrol pacletsgeneaatedover 10 runsateachtranseiver. Interestindy, as
thefiguresshaw, therouting protocol triesto discover non-interfering paths The other plots areomittedbut
canbeobtanedfrom theauthors. Theresuts clealy demorstrateprotocol level interaction They alsoshow
that the spatal distribution of the overheadpacletsvary; this aspetis harder to demongrate for dynamic
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Figure3: (a) and(b): lllustration of Examplel. (a) lllu stratng schenatically the effect of routing pathson
MAC layer protocols (b) Figureillustrating the different paths usedby a routing protacol. (¢) Setup for
Experimen 2. Thefirst figure schemactally illustratesthe connectivity of the graph For clarity only the
edgsesincidentonthenode(0, 0) areshovn. Thedotted arc shawvs thetranseiver’s radiorange.
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Figure4: Figureshaving the MAC androuting overheadpaclet distribution for Example2. The overheal
is plotted as numker of nodeswith a given numberof routing or MAC layer paclets. For example,the
right handfigure shows thatfor the combinaion of 802.11 and AODV therewere 31 nodes that produwed
two routing control padets,andthattherewasno nodethatwould produce4 routing control padkets. The
network is asshown in Figure3 (c). Eachfigure consstsof four plots: onefor eachMA C/routing protocol
combiration The left plot shavs the MAC overheadpaclet distribution, the right plot shows the routing
overhead paclet distribution.

The resuls shav that the routing protoml can signficantly affect the MAC layer protocols and vice-
versa. The paths taken by the routing protocol, induce a virtual network by exciting the MAC protacols
at particular nodes. Corversely contention at the MAC layer can causea routing protool to respad by
initi ating new route queriesandrouting table updates. Combinel with the resuts of [KKB0O, RLP0O], our
resuts showthatdisaussian abou the performanceof a MAC or arouting layer camot typicdly be carried
out without putting it in context of the othe protocolsin the stack Moreover given the randanized nature
of the protocols and congant movementof trancewversin an ad-hoc ervironmen makes the problem of
engneerirg theseprotocolssignificantly harde.
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Figure5: Figureshowingthe spaial distribution of the cortrol overheadfor Example2. The network is as
shawvn in Figure 3 (c). All the plots arefor injection rate of 0.025secomis. Left: Resultsfor MAC layer
overheadfor (80211,A0DV). Center: Resultsfor MAC layer overhead for (MACA,AODV) combindion.
Althoughthenumberof MAC overheal packetsapperslow, it is becaisethe percentageof pacletsdelivered
using this combination is substatially lower than what is delivered using (802.11A0DV) combindion.
Right: Resultsfor Routinglayer overheadfor (80211,A0DV) combiration.

4 Experimental Setup

Wefirst descrbethedetaik of the paranetersused Theoverviewof theparaneterscanbefoundin Figure6.

4.1 Measuresof Performance

The independnt (input) variablesare (i) Routing protacol, (i) MAC protoml, (iii) Nodes’speed (iv) In-
jection interval (rate) for the paclets and (v) Network topdogy (dynamically charging over time). The
following piecesof information (also called the dependen variable) were collected: (i) Lateng: Average
endto enddelayfor eachpaclet asmeasuedin secands;in includesall possble delays dueto routediscov-
ery, queungor bacloffs, (ii) Ratioof numberof paclets recavedto numbe of padketsinjectedin perentag
points, (iii) Longtermfairness:Assignmentof resoucesto conrections.

We usedtwo connestions in our analsis. Also we consier a fixed simulaion area. In Section7, we
discussour resuts whenthesetwo parametersarevaried Averagenumbe of pacletsrecevedandlatency is
simply measuedasarithmetc meanover 10 or 30 independet simuldion runs. Thetotal numbe of sample
per simulation run waspropational to the numberof conrections. We comptte (long term) fairnessratio ¢
for eachsimulation run asallocation betwea the comectian with the highest numberof packetsreceived
andthethe sumof padketsreceivedfor the remainng conrectiors. More formaly, let n dende the numbe

of connestions, let p; bethe numberof pacletsreceived by connestion , let p;, = maz{p1,...,pn}, and
let £ denok a conrectionsuchthatp, = pmas theng = ’%ﬁ;l). It follows thatany deviation from
i j

g = 1 repregntaninequitable allocation of resairces For n = 2 this ratio redwesto p /ps Or po/pl.
Note that for our simulaions there hasnever beena casethat ,,,, = 0 and g was setto 100.0 in the
rare casesvhenthe denaminatorequded zera Moreover, conrectiors never shaed sinks or soures,i.e.,
{sourcey,...,source,} N {sinki,...,sink,} = (). Fairnessresuts in the form of graghs* werefurther
adjusted. In casethatqg > 6.0 we setq = 6.0 to emphsizesmallervaluesand subquerly this interval
wasnormalzedinto (1, 2) interval. Finally, averagefaimessfor » simulatonrunsis S°% | g; whereg; is
the adjustedand normdized fairnessfor the ith simulaton run. In a few casedor n = 2 we have plotted
the average fairnessso that the resoucesassigied to Connestion 1 and Connetion 2 could be uniquely

For statisticalanalysisthe ratio hasnot beenfurtheradjustedor modified.
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idertified. The resut are gragphs where ¢ wasnomalizedinto (1,2) interval if ; < p2 andinto (0, 1)
interval othemwise wheredepaturefrom ¢ = 1 towards2 or 0 meansaninequtable assgnmentof resouces
with respectto Connedion 1 or 2.

Additionally to the basicperfamancemeasueswe have computel distributions of nodedegrees. This
kind of distributionis important for unde'standng thevariakility in this measue. Theresuting graphs show
adependere betweeragivennodedegreeandits occuencefor r nodesin absolue terms.Thedistributions
of MAC or routing layercontrol pacletswerecompuedasdepemlencesbetweea a givennumberof cortrol
pacletsandthe numkber of nodes using the given numbe of control padketsfor estdlishing acces to the
mediumor engagng in route acqusition procedues. As befare the y-axis shavs the numberof nodesin
absdute terms. On the contrary to the various distributions descibed just abose we have compued the
spatal distributions of MAC or routing layer control paclets asan average over » simulation runs. Spatid
distributionsuniquely tie a given averagenumberof contrd paclketsusel to the geogaphical postion of a
node Olviosly, spatal distributions could only be compued for static networks. The totd of MAC layer
control paclets for anodewascompuedasa sumof contol paclets sen out, i.e. for 80211 asumof RTS,
CTSandACK padkets,andfor MACA asumof RTS andCTS paclets. Thetotal of routing layer cortrol
paclketswascompuedasa sumof RREQandRREPfor AODV, andRREQ,RREPandRERRfor DSRand
LAR schemel. Theaveragenumberof cortrol paclets for anodewascompuedasanarithmetc meanover
u Simulaton runs.

4.2 Mobility Models

Grid Mobility Model: Thesetp of this experimentis a grid network of 7 x 7 nodes. Thegrid unit is 100
meters. Thereare 49 nodesthat are postioned on the grid. SeeFigure7(a). The mobility modelfollows
movementin anareawith grid archtecture,i.e.,nodesat (i, j) move only to oneof the 8 adjaentgrid sites.
If anodereathesaboundary it is reflectel backandcontinuesto move with the samespeed. Let the node
IDs range from 0 to 48; thelDs areassgnedrow wise staring from the top andfrom left to right.

The movementof the nodes is descibed quite simply. Let 0 < k£ < 48. Nodesbelorging to the
equivalenceclass0 = k(mod 4) startmoving to the South,nodesbelonging to the classl = k(mod 4)
startmoving to the North, nodes belonging to the class2 = k(mod 4) startmoving to the Eastand nodes
belonging to the class3 = k(mod 4) startmoving to the West. Whena node reaclesthe end of the grid,
movementof thenodeis reversed.Thisis esentialy reflectirg theboundary condtion asoppasedto periadic
bourdary condtion usedin mary othercontexts. We run the simulaion with threedifferentnodespeed: 10
m/s,20 m/s,40 m/s.

Random Waypoint model: Thesetp of this experimer is againa grid network of 7 x 7 nodes. Thegrid
unit is 100 meters. Thereare49 nodes(numbeed 0 to 48) that are postioned on the grid. In this model,
nodes move from the current position to a new randanly geneatedposition ata predeterminel spe=d. After
reaching the new destnation a new random postion is computel. Thereareno stopovers,i.e., nodesstat
moving immediatly to anew destnation This setp is depictedin Figure7(b).

ECR Model: Thesetip of thisexperimentis anareaof 600 x 600 metersontowhichwe uniformly randanly
postion 49 nodes Letthenodes benumberel from 0 to 48 in theorderthey areposiionedontothegrid. We
divide the nodesinto four groups. Nodesbelorging to theclas 0 = k£ (mod 4) form thefirst group, nodes
belongingto theclass 1 = & (mod 4) form the secad group, nodes belorging to the class2 = k (mod 4)
form the third group, and nodes belonging to the class3 = k (mod 4) form the fourth group The setyp
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1. Network topology: We describethe experimentspecifictopolagiesin respectie sections.
2. Number of connections:We usetwo conrections.

3. Routing protocds : AODV, DSR,LAR schemel. Thesearedendedby R;, 1 < i < 3. Thesetof routing
protacols will be denotedby R. The routing protomls were choserbasedon the recomnendatios madeby
[DP+,JL+0Q afterundetakinga detailedexpeimentalstudyof recen routing pratocols.

4. MAC protocols IEEE 80211 DCF, CSMA and MACA. Thesearedended by My, 1 < k < 3. The
setof MAC pratocolswill be denotedby M. Again the choice of theseprotools is basedon the studyin
[RLPOQ WS+97.

5. Thesizeof physicalareasimulatedvas600 x 600 meters.

6. Speedof nodes 10m/s,20m/sand40m's.2 Thesearedenoteddy S;, 1 < j < 3. Thesetof all speedwill be
denotedoy S.

7. Injection rates: low (0.06 second)medium(0.025 seconjl andhigh (0.0125second) Theinjectionratesare
denotedby I;, 1 < I < 3. Thesetof injectionrateswill be dendedby I. Theinitial paclet sizewas 256
bytes theinitial nurmberof pacletswas2,000, andtheinitial injectioninterval was0.06 second Eachtime the
injectioninterval wasredwedby afactorof 2, we alsoredwcedthe pacletsizeby afactorof 2 butincreasedhe
numker of pacletsby afactorof 2. For exanple, if theinjectioninterval washalved to 0.05 secondshenthe
new pacletsizewas128bytesandthenew nunmberof packetswas4,000. This allowedusto keeptheinjection
atinputnodesconstahat 40,950 bits persecond

8. Simulation runs: 10runsfor ary combnationof input paraméers.

9. The bandvidth for eachchanmel wassetto 1Mbit. Otherradio propagatiom modeldetailsareasfollows: (i)
Propagtion pathioss model: two ray (ii) Channelbandwidh: 1 Mb (iii) Channelfrequeng: 2.4 GHz (iv)
Topogaphy Line-of-sight (v) Radiotype: Accnoise(vi) Network pratocol: IP (vii) Connetiontype: UDP

10. Simulator used: GlomoSim[BT+99].
11. Thetransmissiomange of transcerer was250meters.
12. Thesimulationtime was100seconds.

13. Hardware usedin all caseswasa Linux PC with 512MB of RAM memay, anda 500, 850, or 1000 MHz
microprocessar

®m/sstandsor meterspersecond

Figure6: Parametes usedin the Experiments.

is shownin Figure7(c). The four groups follow the exporential correlatedrandan modeldesribedby an
equaion of theform x(t + 1) = x(t)el=Y/7) + s - o - - /1 — e(=2/7) where: (i) x(t) is the posiion (r,
«) of agroup attime t, (ii) 7 is atime constantthatregulatesthe rate of charge, (iii) o is the variancethat
regulatesthe variarce of change, (iv) s is the velocity of the group, and(v) r is Gaussiarrancom varialde.
Let ; bethe orientation of the velocity vectors for thei-th group The orientation is assgnedasfoll ows:
thefirst group - south the secoml group - north, thethird group- eastthefourth group - west. Shouldanode
reachbourdaries of the areaits orientation is reversal. After all nodes’ orierntation is reverse, the group
stars moving to the oppasite diredion.

Network topdogy is charaterized asa simpledistribution of nodeés degrees (rado radius = 250m) at
a given time during simulation. The distribution is not averaged but derived from mobility patten of a
sinde run. By providing distributions for various simulaion timeswe provide insight into the evolution of
network’s topology overtime.
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@) (b) ()

Figure7: (a) Grid mobility and(b) RandomwWaypadnt Models We postion 49 nodesontoa?7 x 7 grid. The
nodes arenumbeedfrom thetop left cornerin row wise order Thefigure givesanexample for four chose
nodes. Movementfor other nodesis not shown. Therearetwo conrections: the first onefrom the top left
correr to the bottom right correr, andthe secom one from the top right comer to the bottomleft correr.
(c) Exponential correlatedrancom mobility. We postion 49 nodesuniformly ontoa 600 x 600 metersarea.
The nodesare numbeed in the ordertheir randan position is compued. The startmovementdepeidson
assigimentof thefour groups.

5 Statistical Analysis

We setup a statistical experimentto evaluae the perfomanceof thefoll owing four factors; the MAC proto-
col, routing protowl, theinjection rateandthe speel at which the nodes aremoving in the network. Eachof
thesefour fadors (varialles) have threelevels (valuesthe variablestake). Thevariablesandtheir levelsare
givenin Section2.

In this study we analze, if the four factas, interactin their effect on the perfaomancemeasue. We
perfarm threedifferent analysis,onefor ead performancemeasureo obsere theinteraction amongfactas.
We perform a different setof experimentsfor eachof the mobility models. Our gereral implications are
summariedin Figurel.

5.1 Experimental Setupfor the Statistical Analysis

Eachsetof expeliment utilizesthreedifferent combindions of MAC, router, injection rate andthe speed
thusyielding 3* = 81 different scerariosfor eachmobility model.

Approach: We first condruct a matrix of 4 dummyvariales. For eachfactor we crege adummyvariale.
This variabletakesa value 1, 2 and 3 for the threelevels of the facta. For example the dummyvariable
for MAC protocol, takes a value 1 whenerer 80211 is being usedto calaulate the performancematrix,
value 2 whenerer CSMA protocol is being usedandvalue 3 whenerer MACA is being usedto calcuate
the performancematrix. For the route variable, the dummytakesa value of 1 whenarer AODV protocol is
being usedandvalue2 whenerer DSRis being usedandvalue3 whenerer LAR1 is being usedto calcuate
the perfarmancematrix. Similardummiesarecreaedfor theinjection rateandthespeedvariables.To deted
interactiors betweerthefaciors,we useastatigical techriqueknown astheanalysisof variance(ANOVA)*?

12ANOVA is alinearmodel. Therearealternatvesavailableto ANOVA which canhandlemuchmore comple statisticalprob-
lems. BayesianinferenceUsing Gibbs Sampling is one suchnon-linearmethodwhich performsBayesiananalysisof comple
statisticalmodelsusingMarkov chainMonte Carlo(MCMC) methods ANOVA suficesfor thepurpose of the conclusionghatwe
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ANOVA is usedto study the sources of variaion, importanceof different factors andtheir interrelations. It

is a usdul techrique for explaining the cause of variaion in respnsevariadle when different factors are
used The statstical defails discussedbelow areroutine andare providedfor the corvenience of the reacer.

For moredetailk on the techriquesusedin this analysis, referto [GH96, Ron9d. Giventhatwe have four

factas, we useafour factar ANOVA.

Mathematical Model: Theappopriate mathematal modelfor afour factor ANOVA is asfollows:
Yijkim = b+ i + B + e + 6+ (aB)y; + (o) + (ad)+

+(B’Y)jk + (/65)jl + (70) g + (04137)1'3'19 + (aﬁ(s)ijl+
+(av6) i + (B7Y6) jjy + (BY0)541 + Eijkim
where

1. yijrim is the measureentof the performancevariable (e.qg. latercy) for the #" routing protacol, j**
sped, k** MAC protocol andi*" injection rate.

2. m is thenumberof runswhichis 10in our experiment.

3. ¢ is theeffect of routing protocol, §; is the effect of the speedof nodes, ; is the effect of the MAC
protocol andd; is the effect of theinjection rateon the performancemeasues.

4. Thetwo way interaction terms measue theinteraction preset betwee pairsof variades (z, y) and
areasfoll ows:
@) (ap i (routing protocol, speeddf thenodes);
(b) (a),: (routing protocol, MAC protacol);

(d) (B7)x, (nodes’ speedMAC protool);

(e) (Bd);;: (nodes’ speedlinjection rates);
® (vé)

5. Thethreeway interacti on terms measue theinteraction preentbetwee triplesof variables(z, y, z)
andareasfoll ows:

(
(
(c) (ad),: (routing protacol, injection rates);
(
(
(

79)» (MAC protocols,injection rate).

(@) (@Bv);),: (routing protocol, nodes’ speel, MAC protacol);
(b) (),
(
(

).+ (routing protocol, nodes’ speel, injection rates)
(€) (ayd);: (routing protacol, MAC protocol, injection rates)
)

(d) (B76) 1 (nodes’speedMAC protocol,injection rates).

6. The four way interaction term (aﬁfyé)ijkl measure the four way interaction (routing protocol,
nodes’ speed, MAC protocol, injection rate).

7. Finally, &; ki, is therancomerror

aim atdrawing in this paper
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Model Selecton and Inter pretation: The modelselection methal consderedhereis called the stepwig
method This methodassunesaninitial modelandthenaddsor deletes termsbasedon their significanceto
arrive atthefinal model Forward seledion is atechiquein whichtermsareaddedo aninitial smallmodel
andbadward elimingtion is atechriquein which termsaredelegedfrom aninitial large model. Our analysis
usesthe methodof backwad eliminaion where eachtermis cheded for signficance and eliminated if
found to beinsignificant Our initial modelis the largestpossitbe modelwhich cortainsall the four facta
effects. We then eliminatetermsfrom the initial modelto eventally find the smalles modelthat fits the
data. Thereasam for trying to find the smalles possble modelis to eliminate factors andtermsthatarenot
important in explaining the respnsevariale. After eliminaing redundart factors, it becomessimple to
explain the respnsevarialle with the remainng factas. The smallermodelscannormally provide more
powerful interpretations.

To testfour way interection betweenthe MAC, routing protocol, nodes’ speedand injection ratesin
effecting the respnsevariable, we perform the four facta ANOVA using the abose mathemadtal model.
Thisis alsocalledthefull/satuatedmodelsinceit contans all 1-way, 2-way, 3-way and4-way interactiors.
After running this mode| we calcuate the resiclial sumof squaes® andrefer it by S.S(14), which stang
for resiclal sumof squaesfor modelnumberl4. The degreesof freecbnt* is refered by DF(14). Now
we drop the 4-way interaction termi.e. (a8vd),;;,, andrerunthe ANOVA model. Theresutant modelhas
now only have 1-way, 2-way and 3-way interaction terms. From this model,we cancalculatethe residual
sumof squaesfor modell13,i.e. SS(13) anddegrees of freedam for model13, D F(13). We now compae
model14 with model 13 to find out if the 4-way interaction is significant. If the F'-staistic turnsout to be
insignificant, we cansaythat3-way interactionmodeli.e. modelnumbe 13 canexplaintheresporsevariable
aswell asmodel14. Thisimpliesthatmodel14 canbe droppedoff withoutloosng any information. Next
we testfor eachtermin model 13 and checkwhich onesaresignificant. Any termthatis not important in
affecting therespmsevarialde canthenbe droppedoff. Thisis achieved by dropping each3-way termone
at a time andthen comparirg the resuling modelwith model 13. In our tables, model9 to 12 are being
compaed with modelnumber13. If the F-statistic is sigrificant after dropping off the term, it implies
thatthe termthatwasdroppedoff played a significantrole andhenceshoud not have beendropped. After
chedking 3-way interactiors, we compae all 2-wayinteraction model(modé 8) with all 3-wayinteraction
modelto seeif thereis a smallermodelthat canfit the data aswell asthe 3-way interaction model Just
like the 3-way model,we thendrop off onetermatatime from model8 andcomparethe nev modelswith
model8 to find out which of the 2-way interactions are mostsignificant; in the tables, model2-7 arebeing
compaedwith model8. We cortinue with the elimination processitill we find the smallestpossble model
thatexplainsthe data

The sum of squaes, degrees of freedom andthe F-testvalue for ead of the modek is shavn in the
Table 2. Interaction column shawvs which interections are includedin the model Finally the F-testis
calcdatedusing thefollowing statigic:

SS(a) — $S(b)/DF(a) — DF(b)

F—
SStui/DFpun

whereSS(a) is thesumof squaesresidualsfor modela andSS(b) is thesumof squaesresidwalsfor model
b. Similarly D F(a) is thedegreesof freedan for modela and D F'(b) is the degreesof freedomfor modelb.

BFor aregressionmodel,Y; = a + BX; + e;, theresidualsaree; = Y; — a — $X; and the residualsum of squaress
Zi(ei)2 =),Yi—a- BX;)?. Referto [GH96] for moredetails.We usestatisticalpackageSplusto performthis analysis.
The numker of indepemlentpiecesof informationthatgo into the estimateof a parametets calledthe degreesof freedom.
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The §Syyy is the sumof squars residualsfor the full model(largestmodel)i.e. the modelwith all the four
interactionterms. D Fy,,;; is the degreesof freedom for the full model. Dueto lack of spa@ we give details
only on Grid model

5.2 Grid Mobility Model Results(Experiment 1)

Performarce measue: Lateng. Table2 shavs ANOVA resuts for the Grid Mobility model Columns
4-6 showthe interection resuls whenlatency is usedasthe perfoomancemeasure We startwith aninitial

model of all the 4-way interections and compae it with all 3-way interactions model. Model 14 is being
compaed with model 13. The F-staistic of 0.65 (insignificart at any confiderce level) shows that the
modell3fits thedataaswell asmodel14 sothefour wayinteraction is not significantin affecting thelatercy
measue. Similarly, we try to find all significant 3-way interections by dropgng each3-way termoneat a
time. Looking at the F'-ted resuls of modelnumbes 9 to 12, we find model12 to be the mostsignificant.
Fromthatwe concludethattherouter nodes’ speedandthe MAC protacol interactmostsignificantly. Note
thatthis wasthe combnationthatwasdroppedoff from model12. To find outif thereis a smallermodelthat
canfit thedataaswell asthe 3-way interaction model,we furtherlook atthe 2-way interaction models The
F-testvaluescondude thatthe mostsignificantinteraction is betweerthe router andMAC. The othe most
significant 2-way interaction is betweennodes’ spee& andMAC. The restareall insignificant. This showvs
thatthe 3-way interaction betwea the router, nodes’ speed andthe MAC aredueto the 2-way interaction
betweerrouter-MAC andspeedMAC. Thereis no interaction betweerrouterandnodes’ speedasfar asthe
effect onlatency is concened. Now we crede a modelwith only the 2-way significant interaction termsand
compae it with amodelcontaining only the 3-way significanttermsto find the smalles$ modelthatfits the
data.If the F-testfor these two modelsturnsout to besignificant, we condudethatthes 3-way interections
canrot be explainedby the 2-way modelandherce camot be droppedoff. Our resuts find thatto betrue,
implying thatindeedthe smalles$ possble model,is the 3-way [RSM] model.

Performarcemeasue: Numberof padetsreceivel. Columns?7, 8 and9 in Table2 shav the ANOVA resuls
for the respmsevariable “packets receved”. The interpretaton of the resuls is similar to the respmse
varialle “latency”. The interaction resuts show significant 4-way interection betwea the router, nodes
sped@, MAC andthe injection ratein explaining the numbe of paclets received. The 4-way interaction
autanatically implies that theremustbe significant 2-way and 3-way interactiors preset too, althowgh it

doesnot imply that all smallermodelswill be significant. A closer look in our case ,however shavs that
all smalle modelswith 3-way and2-way interaction aresignificant. Amongthe 2-way interections F-tes

shawvsthat the MA C andinjectionratesinteractmostsignificantly. Therouterandthe MAC alsointeract very
significantly. In 3-way interaction, it is the router, MAC andinjection rate thatinteract mostsignificantly.

The 3-way interaction resuts are corsistent with the 2-way resuts becaisethey all point to interaction
betweenrouter, speedandthe injection ratein affecting the numberof pacletsrecaved. In this case the
smalle$ modelhasall four factors [RS M I] interecting significantly.

Performarce measue: Fairness. Thelastthreecolumnsof Table2 showthe ANOVA restts for various
modelsusing long term fairnessasthe performancemeasue. The initial setupfor a four way interaction

effect of the fadors on the fairnessmeasue is dore as explained befare. The only excepion is that now

we have 10 sample insteadof 20 for eachof the 81 scerarios mentimedabove® The resuls showthat

both 4-way and3-way interactiors areinsignificantin affecting thefairness.Looking at theresuts of 2-way

This is due to the fact that fairnessmeasures calculatedby taking a ratio of the numbe of paclets receied for the two
connetions.
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interactiors betwee the fadors, we find thatthe router and MAC protocol interect in the mostsignficant
way in affecting the fairness.Theinteraction betwee the MAC andinjection rateis alsosignificant but not
to the extent of router and MAC interection. In this case,the smalles modelhasonly [RM][MI] 2-way
interactionterms.

5.3 ECR Mobility Model Results(Experiment 2)

Performarce measue: Latency Table3 showsthe ANOVA resuts for the ECR mobility model. Again,
columns4-6 showthe interaction resuts whenlateng is usedasthe respnsevariable. The analysis done
hereis similar to the grid mobility modelcase Theresuls shav thatthere is significant 3 way interaction
betweenRouting protocols Transcéver (node) speels andthe MAC protocols. Models6 and 7 reconfirm
thatinterection. Model 6 shavs that routerand MAC interact sigrificantly and model 7 shavs that router
andsped interection is importart.

Performarce measue: Numberof padketsreceivel. Columns7, 8 and9 of Table3 showresuls for the
numberof paclketsasthe performancemeasue. Unlike in the grid mobility model,here we do notfind arny
significant 4-way or even a 3-way interaction betweerthe variades. All 2-way interactiors except Routing
protocol/Injection rateandRouting Protocd/Transcéver Speedaresignificant.

Performarce measue: Fairness. Sincetheinterpretation of all the peformancemeasurs arethe sameas
explainedbefore,wejust highlightthe mainresuts for eachof them.Columnsl10, 11 and12 of Table3 show
thatonly MAC androute interactin affecting the fairness. All other2-way, 3-way and4-way interactions
areinsignificantfor this measue. Notethatsofar all sele¢ced modelshave hadMAC androuter interacting
significantly. Thiswastruefor grid mobility modelsalsa

5.4 Random Waypoint Mobility Model Results(Experiment 3)

Performarce measue: Latercy. Table 4 shovs ANOVA resuts for random waypadnt mobility model.
Unlike the first two mobility models there is no 3-way interaction whenlatercy is usedasthe respmse
measue. Among 2-way interections the significant onesare MAC protomls/injection rate,Routing proto-
cols/Transceier speedandRouting protocoldMA C-protoal.

Performarce measue: Numberof padets received. Columns7, 8 and9 of Table4 showthat All 2-way
interactiors aresignificant except for routing andnodes’ speel.

Performarce measue: Fairness. The last threecolumns of Table 4 shav that thereis no 3-way or 4-
way interactions preentin affecting the fairness.The only 2-way interections thataresignificantare MAC
protocol/Injection rateand Routing protocol/MAC protocols Again, notethat MAC/routerinteractiors are
the mostrobustof all.

6 Additional Observationsand Explanation

In this sectbnwe briefly explain spedfic resuts for thethreemobility models We ommittedmostfiguresfor
someresuts andwe preentonly thosefor the speel of 20 m/sandinjection rate (interval) of 0.025secom.
Lateny andperentageof pacletsreceivedare presemedfor variosinjection rates.Theresuts aredepicted
in Figures 8 to 13. Figures for the completesetof experimeris canbe obtanedfrom theauthas.
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Recallthatthe ECRmodelrepregntsa mobility modelthatkees therelative distancesof nodes within a
group roughly consant. Let G; bethes-th groupin our setting, andlet S; bethesetof nodesthatbelongto the
grow G;. Thenary two nodesa, b € S; thathave acommonedge(a, b) attime ¢ will alsohave acommon
edgewith high probability, attime ¢ + k, k = (0, ST), ST is the simulationtime. The rancdom waypoirt
model represens a movementpatten that is hardto predict. Note that we do not inset ary paugsinto
the model i.e., paugswere0 secand. On the othe hand the grid mobility modelhasa very deteministic
movementpatten thatis eay to predct.

We malke the foll owing observations. Someof the observationsverealsomadein [DPR, RLPOQ.

¢ CSMA andMACA donotperformwell for ary of thethreemobility modek. BothCSMA andMACA
areable to deliver no morethan20% of thetotd paclets,the percentag drops with increasedspeed
andinjection rates. In addtion, MACA also produceshugenumbe of MAC level contrd paclets.
They range betwea 70,000and 100,0®. This makesthe behaviorof MACA muchlessaccetable
than CSMA. Oneof the rea®nsbehnd the poor performanceof thesetwo protocolsis alsothe fact
that GloMoSim doesnot implementbroken link notification from the two MAC layer protocols to
routing protocols. Thus, routing protocols have no meansto leam abaut broken links andary Hello
messagssystan is notimplementedoy default. This natification is howeverimplemenedfor 80211.

e Ourresuts shav thatin geneal the perfoomanceof the sysemfalls significantly with increasedspeel
for all MAC protacols. However (802.11,A0DV) is still ableto deliver 50% of the paclets at high
speals (40 m/s) andinjection rates(0.0125s). Oneobvious reasm for this obseved belavior is that
increasednobility causes frequentchangesin routesresuling in frequent MAC overheal requiredfor
route discovery andupdate.

e Figure8 depids the distribution of node degreesat threedistinct timesin the simulation. Intuitively,
suchdistributionsandtheir tempaal propeties area good measureof geogaphial reconfiguation
chargeovertime. Networks with higher mobility have differenttempoal propertiesthanstaticor low
mobility networks. Fluctudionsin thesedistributions arediredly co-+elatedwith the performanceof
routing andMAC protocols. Thedegree distributionsshav variaion acros the mobility models.The
grid mobility modelhasthe moststrict movementpatten. The node degrees areconcentraed arourd
four different values Nodesfor the othe two modek were positonedrandanly so the distributions
looks moreeven.

e Figures 9 to 11 show the performanceof protocols in termsof three respnsevariables: Fairness,
latency, andratio of padketsrecaved, resgectively. Theresuts make aninteresting point; in contrast
to recen effortsto improvethefairnessof MAC protocols[LNB98], theresuts showthatrouting layer
canmalke a consderable impacton thefairnesscharactersticsof theseprotocols.

e Figures 12 and13show thedistributionsof MAC andRouting level contrd paclets for threedifferent
combhnatiors. Dueto thediscusionabove, the MAC layer protocol corsideral is always 80211. The
routing layer protacols usedare AODV, DSR and LAR1 respetively. We canthatthe ECR model
producedthe leastnumberof MAC layer control paclets. This is consistent with our assetion that
ECRmodelputstheleastpresureon the protocolsstad.

¢ Performacefor othe injection ratesand speedslook similar to those shovn. The differencein per-
formarceis propationd to increasedr decreasedinjection rate,or speed
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¢ In highly mobile environmens, the creaton of hidden andexposel terminalproblemsbecaneseven
moreintriguing thanin caseof staticnetworks. At highspeelsnew hiddenterminalsaresimply createl
(or possibly dedroyed) by movementof nodes during transmissionof othernodes. Sincethes nodes
wereoutsice of the RTS-CTSor carria senshg mechamsm for agivendatatransmission they arenot
awareof theradioervironmert arourd. After estallishing themsebesin anareathey oftenmove from
thatlocaton almostimmediatey. This featue is morecommonto random waypdnt modelthanto
thegrid mobility model. For ECRM nodes arealwaysestabishedwithin their respective groups. This
suggestsonemeasue of perfomanecfor mobile sygems: obtaning bourds on the numbe of hidden
terminalsthat are effectively presem at eachunit of time. Clearly, this depems on which nodes have
pacletsthatthey wishto retrarsmit. Thisin turn dependson therouting protocol used.

e Thedifferencein performancebetwee& DSRandAODV is alsodueto differencesn the way broken
linksarehanded. We notethat theversionof DSRimplemertedin GloMoSimuses sahagng. In DSR
if thereis a broken link the forwardng nodetries to salvagepadketswaiting in sendbuffer by trying
to seard the RouteCachefor an altemative route. If this procedue fails a route erroris sentto the
souceandthesoucetriesto resendthepaclet. In AODV locd repar is possble. If anode detecslink
failureit sendarouterequestto the degination affected. Theversian of AODV in GloMoSimdoesnot
implemert route error packets. However, an unsdicited routereply packetis sentupsteamto notify
all active souces. OtherdifferencesbetweenAODV and DSR perinentto our rea®ning is the fact
that DSR encalescomplketeroutesinto routerequest, route reply, anddatapaclets. This contiibutes
to slightly higher consumptionof bandvidth compaedto AODV. This mecharmnsmappearsto beless
effective in a highly mobile settirg thanthe distributed handing of routesby forwarding nodes. In
AODV eachnode only hasthe next hopinformaton for ead active destnation. This makesdynamic
repdr of routeseasier Mary resarches have noted the tradeoffs betweenthe pefformanceof DSR
andAODV asonechangesnodespeeds.

¢ \We notethat speedof 40 m/sfor both souice and destiration caneasiy meanthatthe destnationis
maoving at 80 m/srelative to the souce or vice-versa.Speedof 40 m/scorresponisto 144 km/h, and
accadingly 80 m/scorrespondto 288km/h. A nodeat spee of 40 m/scanbeafastmoving carona
highway. Thusat latercy for datapacletsnearirg or exceedng 1 secand thetopology changescanbe
stagyering. As we saidbefore this probemis partly eliminated for ECRM wheremovementof nodes
within agroup s correlated.

e Performance with less nodes or bigge underlying areabecanesin our seting almostunmeasit-
able Otherresarches (seef[Ro014) alleviatedthe problemconstiutedby high mobility by inseting
pawsesin nodes’ movement.Thesesmallpause helpnodesto getreestblished afterthey keptmoving
for awhile. Our obsewations correpondroughly with conclusions madein [Ro01+ whereauttors
showthatnhodedegreesashigh as15-20 arenecesaryfor decent performancein amobile setting. Our
resuts extend their peformanceresuls for higherinjection rates andspeed.

e We consilerthe capalility of MAC/routing layer protocolsto predid movementasa viable way to
beteroverdl performance It is obviousthatfor mobility patierssuchasthe randan waypoirt this can
bevery challengirg. However, the goodperformancefor ECRM suggeststhatwell estabishedmobile
nodeshelpin this matter In this casethe nodeswereestallishedindirectly without any helpfrom the
MAC or routing protocols Intuitively, well predidable movementof mobile nodes is equvalentto
their easyestaliishmert into any radio ervironment thatis new to thematfter a sutstantal change or
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coadinates. Mechansmof LAR schemel helpdl little in this resp&t asin our setthg requestzones
in mary case coinadedwith thetotal area
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Figure8: Distributionof nodedegreesatthreedifferentsimulation timesfor thethree mobility models.From
left: (a) Grid mobility model,(b) ECRM, (c) Randomwaypoirt mobility model.
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Figure9: Longtermfairnessfor the three mobility modek. Fromleft: (a) Grid mobility model,(b) ECRM,
(c) Randomwaypadnt mobility model.

7 Number of Connectionsand AverageTranscever Density

Sofarwe only consiceredthe effect of two conrections on the overal perfaromanceof ad-ha networks. In
this secton we studythe sersitivity of our resuts to increasingthe numberof conrectiors and decieasirg
the areaof simulaion. This on anaveragge increaseshe nodedensty during the course of our simulaions.
Note that both these variableswerekept fixed in our setupdescibed in Section4. The differencesin the
expelimentalsetugs with respectto experimentsdescibedin Section 4 aresummarize in Figure14.

In view of theresulsrepotedin thepreedingsedion, we did afocusedandsmallerexperiment. Specif
ically, we usedonly 80211 andCSMA asMAC layer protomls,andAODV andDSRasrouting layer proto-
cols. Theinjection ratewasdesgnedto keep the numbe of datapacletinjections congantat 8,000paclets
over the simulation time. This appioachis in contastwith [| andother literature wherethe authas decided
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Figure 10: Lateng for the three mobility models From left: (a) Grid mobility model (b) ECRM, (c)

Randomwaypont mobility model.
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Figurell: Packetsreceved for the threemobility models.Fromleft: (a) Grid mobility model,(b) ECRM,
(c) Randomwaypdnt mobility model.
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to keepthe per conrection injection rate consantwith the increasing numberof conrectiors, thus making
unclearwhethe a possble performancedeteaioration was cause by reading the capadty limit of the ad-
hoc network, highe contention dueto more souice and sink pairs, or other pheromenasud asincreased
interactionamongprotocolsat various levels of the OSlI stack We have useda singlenodespeel of 15m/s
anda singe mobility modelwhich wasthe Randormwaypoirt model.

Mixed Effects Model. Onerea®n for notincluding numbe of conrectiors in the earlier ANOVA basel
analysis was that the desigh spacebecomevery large, espeially when one consicers the levels that this
varialle cantake in a full desgn. Indeed, in geneal, for a n nodesysten, the total numberof possble
conrectiors in a systen canbe O(n?) (assuming no more thanone comectian per node). To hande this
situdion, we usea mixedeffect model. A combindion of fixedandrandan effect modelis called the mixed
effects model. Mix edeffects modelcongstsof atleastonerandomandonefixedeffectfacta. In ouranaysis
we useMAC androuting protomls asfixed factas and numberof connestions asthe random factbor. In a
fixed effect model, the levels of a factorconsderedarefixed (e.g. 80211, CSMA asMAC protocols) and
the inferenceis madeonly for the levels corsideral in the study. The inferencedelived for a fixed facta
canrot begereralizal to othe levelsof thefacior which areexcludedfrom thestudy. In contrast,in arandom
effectmodel thelevels of the facta areviewedasarancom samplefrom aninfinite populationof normally
distributed levels which canvary acrassdifferent replications of the sameexpeliment. Onemight perform
the studyusingonesetof levels but theinferencecanbe genealizedto other levels of thatfactor.

In orderto addesstheissie of interactionbetweenMAC androuting protocolswhendifferentnumbe
of connections areused we consder the numbe of comectilmsasarandomfacta. This allowsusto usea
few conrectionsto performthe study andyettheconclusiors would hold for theenire popuktionof numbe
of comectians. We setup a threefacta experimentto testwhetherMAC androuting protomls interact for
different numberof conrections. MAC androuting protols are assunedto be the fixed factors andthe
numberof connetionsis the randan facbor. The two levels of the MAC protocol consderedare 802.11
and CSMA; and the two levels of the routing protocol consiceredare AODV and DSR. The numbe of
conrectiorsusedare2, 4 and8. Theresmpnsevariablesusel to measurehe performanceof different factois
arelatercy, the numberof paclets recavedandfairness.The experimentswerecarried out for two different
areasasnoted in Figure14. The following condusions were obtaired, a more detaik on testsare omitted
andcanberequestedrom theauthas.
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1. Network topology: Thetopolagy wasgiven by 49 mokle nodesinitially uniformly distributed over anareaof
600 x 600 meters(and1000 x 1000 meters)andtheradiorangeof 250 meters.Later, the topolog/ behared
accordngly to the Randomwaypadnt mocdel with pausesetto 0 second andthe speedf nodes setto 15n's.

2. Number of connections: We use2, 4, or 8 conrections. The sink and sourceconrection pair was chosen
randanly for eachsimulationrun. Connectimsaredenotel by C';, 1 <i < 3.

Routing protocols: AODV, DSR.
MAC protocols IEEE80211 DCF, CSMA.
Speedof nodes A singlespeed:15m's.

o o M W

Injection rates: We have keptthe total number of paclets injectedduiing the 100-secondsimulationtime
constantat 8,000paclets. That deternined the relatedinjection ratesandthe numters of pacletsinjectedin
caseof 2, 4, or 8 conrections. For 2 conrectionswe have injected4,000 datapaclets per comectionandthe
injectionrate(interval) was0.025 secongfor 4 conrectionswe have injected2,0 datapacletsperconrection
andtheinjectionratewas0.06 secondandfinally, for 8 comectionswe have injected1,000datapacletsper
connetionandtheinjectionratewas0.1second.

7. Simulation runs: 30with independehsimulationseeds.

8. Otherparaneterswereidenticalto thosein Figure6.

Figure 14: Differencesin paranetersusedin the experiment on the effect of increasingnumbe of comec-
tionsandotherexpermentsfrom Sectian 4.2.

e Theresutsshow that for a1000 x 1000 simulaton areaall respnsevariablkesi.e. latercy, thenumbe
of pacletsreceived andfairness,thereis significant interaction betweenMAC androuting protocols
at 95% corfidencelevel. Giventhatthe numberof conrectiors is a random factor we canconclude
from the resuts given above that for any numberof comectins, MAC androuting protocols show
signficantlevel of interaction

e Essentlly idertical resuts hold evenwhenthe simulation areawaschangedto 600 x 600.

Thus,we cancorcludethattherestuts in precedng sectonsarerobustto changesin numberof comec-
tionsandnodedensty.

8 Concluding Remarks and Futur e Dir ections

We charaterized the perfoomanceandinteraction of well known routing and MAC protocolsin anad-ha
network settirg. Our resuls andthosin [Ba98 onthedesigh of snoopprotocolssuggestthatoptimizing the
performanceof the communi@tion network by optimizing the perfomanceof individud layersis notlikely
to work beyond a certan point. We needto treatthe entire stackas a single algorithmic constuct in order
to improve the perfaomance. In a companion pape [BDM+] we charaterize the interaction betwee the
paraméersstuded herein a statc radio netvork. The studyis undetaken for two reasms: (i) it helps usun-
derstindthe effect of mobility, (ii) in a staticnetwork we cancontrol the degreeandconnetivity paraneters
moreeffectively; we obsevedthattheseparanetersplay animportart role in protocol performance

The statigical andysis usedin this pape suggestsanengneerng apprachto chocsetheright protocol
combirationfor a givensituation Specifically the analysiscombhedwith the coneept of recommemration
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systenscanbe usedasanautomatd methodfor tuning andchoosinga protocol combirationif the network
andtraffic charadterisics areknown in advance We arecurrently in the processof building suchakernéd.

It is worth noting thatANOVA s a statigical tool to qualitatively measue theinteraction betweerdiffer-
entinput variaes. As suchit presumescorrectnes of the databeingprodiwcedby simulationsfor statistcal
testing. Errorsin implementinga protocol mayresut in spuriousinteractions andinvalid conclusions Never
theless,themethoddoesprovide away to compae two simulaorsor compaing theresuts from simulations
with realfield tests.

Anothe implication of thework is to designnew dynamically adaptie protocolsthatcanadap to chang
ing network andtraffic charaterisics in orderto efficiently deliver information. Moreover, evalugion of
suchprotols asdiscusedabore need to be donein totality. For instancewhenwe sayoverheal it shout
include both MAC androuting overhead (in factshoudd alsoinclude trangort layer overhead but is beyond
thescqeof thecumrentpager). Also, in orde to drav meanimgful androbustconclusionsfrom the resuls of
suchcomplex experiments, it is almog essatial to usestatigical tools which are usedextersively by other
reseachersin similar situations. As a next step we planto undertale a more comprelensve experimental
study involving in addtion to the MAC androuting protomls, varioustransportprotocols
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